Mendias CL, Kayupov E, Bradley JR, Brooks SV, Claflin DR. Decreased specific force and power production of muscle fibers from myostatin-deficient mice are associated with a suppression of protein degradation. J Appl Physiol 111: 185-191, 2011. First published May 12, 2011 doi:10.1152/japplphysiol.00126.2011 is a member of the transforming growth factor-␤ superfamily of cytokines and is a negative regulator of skeletal muscle mass. Compared with MSTN ϩ/ϩ mice, the extensor digitorum longus muscles of MSTN Ϫ/Ϫ mice exhibit hypertrophy, hyperplasia, and greater maximum isometric force production (Fo), but decreased specific maximum isometric force (sFo; Fo normalized by muscle cross-sectional area). The reason for the reduction in sFo was not known. Studies in myotubes indicate that inhibiting myostatin may increase muscle mass by decreasing the expression of the E3 ubiquitin ligase atrogin-1, which could impact the force-generating capacity and size of muscle fibers. To gain a greater understanding of the influence of myostatin on muscle contractility, we determined the impact of myostatin deficiency on the contractility of permeabilized muscle fibers and on the levels of atrogin-1 and ubiquitinated myosin heavy chain in whole muscle. We hypothesized that single fibers from MSTN Ϫ/Ϫ mice have a greater Fo, but no difference in sFo, and a decrease in atrogin-1 and ubiquitin-tagged myosin heavy chain levels. The results indicated that fibers from MSTN Ϫ/Ϫ mice have a greater cross-sectional area, but do not have a greater Fo and have a sFo that is significantly lower than fibers from MSTN ϩ/ϩ mice. The extensor digitorum longus muscles from MSTN Ϫ/Ϫ mice also have reduced levels of atrogin-1 and ubiquitinated myosin heavy chain. These findings suggest that myostatin inhibition in otherwise healthy muscle increases the size of muscle fibers and decreases atrogin-1 levels, but does not increase the force production of individual muscle fibers. growth differentiating factor-8; permeabilized muscle fiber contractility; atrogin-1; muscle atrophy F-box MYOSTATIN (GROWTH DIFFERENTIATING factor-8) is a member of the transforming growth factor-␤ (TGF-␤) superfamily of cytokines and is a negative regulator of skeletal muscle mass. Both targeted inhibition of myostatin and naturally occurring loss-of-function mutations in the myostatin gene result in an up to twofold increase in skeletal muscle mass (2, 9, 18, 20, 35) . Conversely, treatment with recombinant myostatin results in cachexia and muscle atrophy (38). Due to the profound increase in skeletal muscle mass that occurs as a result of the inhibition of myostatin, much interest has focused on myostatin inhibition for the treatment of muscle injuries and muscle wasting diseases.
growth differentiating factor-8; permeabilized muscle fiber contractility; atrogin-1; muscle atrophy F-box MYOSTATIN (GROWTH DIFFERENTIATING factor-8) is a member of the transforming growth factor-␤ (TGF-␤) superfamily of cytokines and is a negative regulator of skeletal muscle mass. Both targeted inhibition of myostatin and naturally occurring loss-of-function mutations in the myostatin gene result in an up to twofold increase in skeletal muscle mass (2, 9, 18, 20, 35) . Conversely, treatment with recombinant myostatin results in cachexia and muscle atrophy (38) . Due to the profound increase in skeletal muscle mass that occurs as a result of the inhibition of myostatin, much interest has focused on myostatin inhibition for the treatment of muscle injuries and muscle wasting diseases.
While the inhibition of myostatin results in a clear muscle mass phenotype, arguably with as great an impact as any other single growth factor, the full range of consequences of myostatin deficiency on muscle contractility is not known. Our laboratory previously showed that, compared with wild-type (MSTN ϩ/ϩ ) mice, extensor digitorum longus (EDL) muscles of MSTN Ϫ/Ϫ mice displayed a 66% greater mass, a 61% increase in muscle fibers, 63% larger total muscle cross-sectional area (CSA), and a 23% increase in muscle fiber CSA (20) . Consistent with the greater muscle mass, fiber number, and CSA, maximum isometric force (F o ) was 34% greater for EDL muscles of MSTN Ϫ/Ϫ mice compared with MSTN ϩ/ϩ mice, but the specific F o (sF o ; F o normalized by CSA) of MSTN Ϫ/Ϫ mice was 18% lower (20) . The reason for this reduction in sF o was not known. Furthermore, when EDL muscles were subjected to lengthening contractions, those from MSTN ϩ/ϩ mice had a 30% decrease in F o , whereas those from MSTN Ϫ/Ϫ mice had a 45% decrease in F o compared with preinjury values (20) . The basis for the greater susceptibility to contraction-induced injury was not known, but we proposed this likely came about due to a dramatic increase in the stiffness of the tendons from MSTN Ϫ/Ϫ mice (19) . Although the role of myostatin in regulating muscle mass is well established, the molecular mechanisms mediating the response are not fully understood. Myostatin binds to the type IIB and type IB activin receptors and activates the intracellular p38 MAPK and Smad2/3 signal transduction pathways (1, 19, 25, 27) . In cultured myotubes treated with myostatin, activated Smad2 inhibited Akt and p70 S6K activation (32) , and treatment of mice with an antibody against myostatin increased the activation of p70 S6K and the rate of myofibrillar protein synthesis (36) . While these effects on the Akt-p70 S6K pathway suggest that myostatin functions, at least in part, to decrease protein synthesis, myostatin may also control proteolysis in skeletal muscle. The ubiquitin-proteasome system is important in regulating skeletal muscle mass and protein turnover (28) . Atrogin-1 (muscle atrophy F-box) is an E3 ubiquitin ligase expressed in skeletal muscle that directs the polyubiquitination of proteins to target them for breakdown by the 26S proteasome (3, 11) . Treatment of C 2 C 12 myotubes with myostatin decreased the diameter of the myotubes, increased atrogin-1 gene expression and protein levels, and increased protein ubiquitination (17) . Similarly, myostatin treatment of human myotubes caused atrophy, but atrogin-1 levels did not increase (32) . In whole animal studies, young MSTN Ϫ/Ϫ mice had increased atrogin-1 expression in quadriceps muscles (22) , but in a Cre-loxP model of postnatal inactivation of myostatin, atrogin-1 transcript levels in gastrocnemius muscles were not changed by myostatin knockdown (37) .
To gain a greater understanding of the mechanisms of action of myostatin and its influence on muscle functions, we determined the impact of myostatin deficiency on the contractile properties of permeabilized single-muscle fibers. This approach allowed us to precisely measure the contractile properties of muscle fibers without the confounding influence of pennation angle and series elastic elements (the aponeurosis and tendon). Additionally, to gain a greater understanding of the mechanisms behind the increase in muscle mass that occurs following myostatin inhibition, we measured the expression of atrogin-1 and the content of ubiquitinated myosin heavy chain in whole muscle tissue. We hypothesized that, compared with MSTN ϩ/ϩ mice, single fibers from MSTN Ϫ/Ϫ mice have a greater F o , but no difference in sF o or power production, and that whole muscles from MSTN Ϫ/Ϫ mice have decreased atrogin-1 gene expression and protein content and a reduction in ubiquitinated myosin heavy chain protein.
MATERIALS AND METHODS

Animals.
All experiments were conducted in accordance with the guidelines of the University of Michigan Committee on the Use and Care of Animals, which approved this study. Mice were housed in specific-pathogen-free conditions and were provided food and water ad libitum. The MSTN Ϫ/Ϫ mice are of a C57Bl/6 background and were a kind gift of Dr. Se-Jin Lee. The null MSTN allele was generated by replacing a portion of the third exon of the MSTN gene that encodes the COOH-terminal region of the mature myostatin protein with a neo cassette (18) . The genotype of mice was determined by PCR-based analysis of DNA samples obtained via tail biopsy, as previously described (20) . Male mice aged 5-6 mo were used in this study. EDL muscles were carefully removed from mice that were deeply anesthetized with Avertin.
Muscle fiber isolation and storage. EDL muscles used for muscle fiber contractility were immediately placed into cold skinning solution. Fiber bundles ϳ4 -6 mm in length and 0.5 mm in diameter were dissected from the muscle samples. Following dissection, bundles were immersed for 30 min in skinning solution with 0.5% Brij 58 and then placed in storage solution and maintained for 24 h at 4°C, followed by storage at Ϫ20°C for 1-3 mo before use. On the day of an experiment, fiber bundles were removed from storage solution and placed in relaxing solution on ice. Single fibers were pulled from the bundle with fine mirror-finished forceps and transferred to an experimental chamber containing relaxing solution maintained at 15°C.
Single-fiber contractility. Single-fiber contractility experiments were performed as modified from Panchangam et al. (23) and Rader et al. (26) . Force responses and motor position were acquired at a sampling rate of 5 kHz through a 16-bit A-D board (National Instruments, NI-6052) and displayed and stored on a personal computer using a custom-designed LabVIEW program (National Instruments). The position of the motor was updated at a rate of 10 kHz by the LabVIEW program via a D-A channel on the acquisition board.
One end of the fiber was secured to a force transducer (Aurora Scientific, model 403A) using two ties of 10 -0 monofilament nylon suture. The other end of the fiber was attached in a similar manner to the lever arm of a servomotor (Aurora Scientific, model 322C). The solution-changing system (Aurora Scientific, model 802A) consisted of six separate glass-bottom chambers machined into a moveable, temperature-controlled stainless-steel plate. Movement of the plate with respect to the fiber was achieved by remote-control of two stepper motors: one to lower and raise the chamber array, and the other to translate the plate to a new chamber position. The length of the fiber was adjusted to obtain a sarcomere length of 2.5 m, determined by projecting a laser diffraction pattern produced by the fiber onto a calibrated target screen. Fiber length (L f) was then measured by first aligning the innermost tie at one end of the fiber with the crosshairs of a microscope eyepiece graticule, then translating the entire apparatus with respect to the microscope using a micrometer drive with digital readout, until the innermost tie at the other end of the fiber was aligned with the crosshairs.
Fiber CSA was estimated with fibers held at L f using fiber width and depth measurements from high-magnification digital images of both top and side views of the fiber. Side views were obtained using a prism embedded in the side of the chamber. Five width-depth measurement pairs were obtained at 100-m intervals along the midsection of the fiber. Fiber CSA was calculated for each widthdepth pair, assuming an elliptical cross section, and overall CSA was estimated by averaging the five individual areas.
Relaxed single fibers were activated by first immersing them in a chamber containing a low-Ca 2ϩ concentration ([Ca 2ϩ ]) preactivating solution for 3 min and then immersing them in a chamber containing high- [Ca 2ϩ ] activating solution (pCa ϳ4.5) to elicit Fo. The preactivating solution was weakly buffered for Ca 2ϩ , resulting in very rapid activation and force development upon introduction of the activating solution (21) . sFo was calculated by dividing Fo by CSA.
Susceptibility to contraction-induced injury was assessed by applying a single stretch to a fully activated fiber (Fig. 1) . The stretch was equivalent in amplitude to 30% of L f and was applied at a constant velocity of 0.5 Lf ϫ s Ϫ1 . Fibers were immediately returned to their original length at 0.5 Lf ϫ s Ϫ1 and allowed to regenerate force until a new steady-state level was reached. The difference between the prestretch and poststretch steady-state forces was used to calculate force deficit as a percentage of prestretch force ( Fig. 1) . . Following the lengthening contraction, the fiber was immediately returned to original length at the same velocity. The large, rapid shortening movements evident in the records were sufficient in size to slacken the fiber and serve to indicate the zero force level in the force record. Fibers were allowed to remain slack for 30 ms before being rapidly returned to original length. Note the sustained reduction in force following stretch of the fully activated fiber. ⌬, Change; Fo, maximum isometric force.
Force-velocity characteristics were evaluated by applying a series of step-ramp shortening movements to the fully activated fiber. The shortening movements were initiated from a length of Lf ϩ 10% of Lf and had a total amplitude of 20% of Lf. The step amplitude was 4 -5% of L f, and its purpose was to discharge the strained series elasticity before the ramp, thereby reducing force to zero and decreasing the time required for the tension maintained during the ramp to reach a quasi-steady state. Reduction of active force to zero in response to the 4 -5% step shortening also indicated that fiber end compliance was comparable to that reported in fibers with ends fixed using glutaraldehyde (8) . Immediately following each ramp, an additional shortening step equivalent to 10% of Lf was applied to the fiber, followed 10 ms later by a step return to the original length. The final shortening step slackened the fiber briefly, and its purposes were to 1) indicate the location of the force baseline in the experimental recording; 2) ensure that the subsequent rapid reextension of the fully activated fiber to original length did not damage the fiber; and 3) maintain the homogeneity of the striation spacing by being functionally equivalent, when coupled with the reextension, to the rapid shortening, reextension cycle described by Brenner (5). After force regeneration was complete following the return to original length, the next step ramp was applied. Ramps were administered in sequence from fast to slow. The force maintained during shortening was measured at the time that the fiber had shortened by 0.1 Lf, and, consequently, its length was passing through L f. The steady-state force that immediately preceded the step-ramp maneuver was taken as an index of the fiber's current F o capability and the "F/Fo" terms in Eqs. 1 and 2 refer to the ratio of the force measured during shortening to that indicator of current isometric capability.
All forces were measured relative to the baseline revealed by the postramp step. This procedure resulted in 10 data points to which a rectangular hyperbola (Eq. 1) was fitted, where V is velocity of shortening, F o is the intercept with the force axis, and a and b are the force and velocity asymptotes, respectively (12) . The intersection of the fitted curve with the velocity axis was defined as Vmax (Lf ϫ s Ϫ1 ), where Vmax is maximum velocity of shortening. The maximum power-generating capacity (Pmax, the peak of the force-power curve) was calculated from the parameters of the fitted curve according to Eq. 2 and then divided by fiber volume (Lf ϫ CSA) to obtain normalized Pmax (W ϫ l Ϫ1 ). Maximum calcium-activated force measurements were made on N ϭ 37 fibers from MSTN ϩ/ϩ mice and 36 fibers from MSTN Ϫ/Ϫ mice. Of those fibers, the force-velocity analysis was performed on 11 from each experimental group, and the lengthening contractions were performed on 10 from each group. No individual fiber was subjected to both the force-velocity analysis and lengthening contractions. SDS-PAGE and immunoblot. EDL muscles were homogenized in Laemmli's sample buffer with 1:20 ␤-mercaptoethanol, 1:20 protease inhibitor cocktail (Sigma), and 1:40 phosphatase inhibitor cocktail (Sigma) and then placed in boiling water for 5 min. Protein concentration of the samples was determined using an RC DC Protein Assay (Bio-Rad). Equal amounts of protein (10 g) were loaded into 4% stacking, 7.5% resolving polyacrylamide gels and subjected to electrophoresis. Voltage was held at 80 V until samples entered the stacking gel, and voltage was subsequently increased to 150 V for the remainder of the run. To detect total myosin heavy chain, gels were stained with Coomassie brilliant blue (Bio-Rad). For immunoblots, proteins were transferred from gels to membranes at 100 V for 1 h and stained with Ponceau S to verify equal protein transfer. For ubiquitin immunoblots, 0.45-m nitrocellulose membranes were blocked using casein (Vector Laboratories) and incubated with an horseradish peroxidase-conjugated anti-ubiquitin antibody (Santa Cruz Biotechnology). For atrogin-1 immunoblots, polyvinylidene difluoride membranes were blocked with 1% powdered milk and incubated with a rabbit anti-atrogin-1 antibody (ECM Biosciences) and horseradish peroxidase-conjugated goat anti-rabbit antibody (Santa Cruz Biotechnology). Membranes were developed with SuperSignal West Dura enhanced chemiluminescent reagents (Pierce Biotechnology) and visualized using a FluorChem chemiluminescent documentation system (Alpha Innotech).
RT-quantitative PCR. RNA was isolated from samples using an RNeasy Fibrous Tissue kit (Qiagen) and treated with DNase I. Poly(A) mRNA was reverse transcribed using an Omniscript RT system (Qiagen) and oligo(dT)15 primers. cDNA was amplified using primers for atrogin-1 (forward: 5=-ATTCTACACTGGCAGCAGCA-3=; reverse: 5=-TGTAAGCACACAGGCAGGTC-3=) and ␤ 2-microglobulin (forward: 5=-ATGGGAAGCCGAACATACTG-3=; reverse: 5=-CAGTCTCAGTGGGGGTGAAT-3=) using a SYBR Green I PCR system (Qiagen) with Uracil DNA glycosylase (Invitrogen) in an Opticon 2 real-time thermal cycler (Bio-Rad). Quantitative PCR (qPCR) reactions were conducted in quadruplicate for each sample. Cycle threshold [C(t)] values for atrogin-1 were normalized to ␤2-microglobulin using the 2 Ϫ⌬⌬C(t) method (15). ␤2-Microglobulin was selected as a normalizing gene based on its stable expression in skeletal muscle tissue (16) and because of its stable expression relative to input RNA in our samples. The presence of single amplicons from qPCR reactions was verified by melting curve analysis, as well as electrophoresis using a 2% agarose gel. Genomic DNA contamination was not detected in qPCR reactions. (Fig. 2E) . The force-velocity relationship (Fig. 3A) of fibers from MSTN Ϫ/Ϫ mice was virtually identical to that of MSTN ϩ/ϩ mice. In contrast to the force-velocity relationship, the normalized power generated by fibers from the MSTN Ϫ/Ϫ mice was significantly lower than that of fibers from MSTN ϩ/ϩ mice across a wide range of shortening velocities (Fig. 3B) , a direct consequence of the reduced sF o observed in the MSTN Ϫ/Ϫ fibers. Atrogin-1 and ubiquitinated myosin heavy chain content. As myostatin was previously shown to induce the expression of atrogin-1 in C 2 C 12 myotubes (17) , and an increase in CSA without an associated increase in the ability to generate additional force could arise due to an accumulation of misfolded or damaged proteins that would otherwise be degraded by the ubiquitin-proteasome system, we measured the levels of atrogin-1 and ubiquitinated myosin heavy chain in EDL muscles from MSTN ϩ/ϩ and MSTN Ϫ/Ϫ mice. Compared with MSTN ϩ/ϩ mice, atrogin-1 protein (Fig. 4A ) and gene expression (Fig. 4B ) levels were lower in MSTN Ϫ/Ϫ mice. EDL muscles of MSTN Ϫ/Ϫ mice also displayed decreased levels of ubiquitinated myosin heavy chain compared with the levels observed for MSTN ϩ/ϩ mice (Fig. 4A) .
DISCUSSION
The results of this study provide new insight into the role of myostatin in the determination of skeletal muscle contractility and morphology. In agreement with previous histology data from whole muscles (20) , the CSA of permeabilized muscle fibers from MSTN Ϫ/Ϫ mice was greater than that from MSTN ϩ/ϩ mice. Muscle fibers swell as a consequence of the permeabilization process (10), but the relative increase in CSA for permeabilized EDL fibers from MSTN Ϫ/Ϫ mice compared with MSTN ϩ/ϩ mice was similar to that observed in muscle histology data (20) , suggesting that the size difference is not caused by differential swelling of MSTN Ϫ/Ϫ and MSTN ϩ/ϩ fibers during the permeabilization process. An increase in CSA is typically accompanied by an increase in F o , reflecting an increased number of myofibrils acting in parallel. Despite having a greater CSA, the muscle fibers from MSTN Ϫ/Ϫ mice did not have higher F o values than fibers from MSTN ϩ/ϩ mice, suggesting that either the fibers from the MSTN Ϫ/Ϫ mice were accumulating noncontractile material, or individual myofibrils were generating lower forces.
In our laboratory's previous work on the contractility of whole muscles from MSTN ϩ/ϩ and MSTN Ϫ/Ϫ mice, we showed that EDL muscles from MSTN Ϫ/Ϫ mice had a greater F o , but lower sF o , than MSTN ϩ/ϩ mice (20) . Amthor and colleagues (2) also reported a reduction in sF o in EDL muscles of MSTN Ϫ/Ϫ mice, although no difference in F o was observed. We hypothesized that the increase in whole muscle F o for EDL muscles from MSTN Ϫ/Ϫ mice came about due to both the increase in muscle fiber CSA and the dramatic increase in the number of fibers present in the muscle (20) . Based on the present observation of no difference in F o between fibers from MSTN ϩ/ϩ and MSTN Ϫ/Ϫ mice, the increase in whole muscle F o in MSTN Ϫ/Ϫ mice appears to be due exclusively to hyperplasia, with no contributions from an increase in force production of individual muscle fibers. We also hypothesized that the decrease in whole muscle sF o in MSTN Ϫ/Ϫ mice compared with MSTN ϩ/ϩ mice was due to an increase in the angle of pennation of fibers within the muscles of MSTN Ϫ/Ϫ mice (20) . While large angles of pennation clearly result in lower sF o values for whole muscles, the small reduction in sF o attributable to altered pennation angle in EDL muscles from MSTN Ϫ/Ϫ mice (20) is minor compared with the reduction attributable to the lower sF o of individual muscle fibers.
Our laboratory has previously shown that, when subjected to lengthening contractions, the EDL muscles of MSTN Ϫ/Ϫ mice exhibit much greater force deficits than those from MSTN ϩ/ϩ mice (20) . We hypothesized at the time that that the greater force deficit for muscles from MSTN Ϫ/Ϫ mice was due to an increase in the stiffness of the aponeurosis and tendon (20) , as a stiffer series elastic component results in individual muscle fibers undergoing greater strains relative to the entire muscle- tendon unit during a lengthening contraction. This hypothesis was supported by our laboratory's subsequent findings that the tendons of MSTN Ϫ/Ϫ mice are much stiffer than those of MSTN ϩ/ϩ mice (19) . In the present study, compared with MSTN ϩ/ϩ mice, there was no difference in the force deficits of isolated single-muscle fibers from MSTN Ϫ/Ϫ mice following lengthening contractions. Since the aponeurosis, tendon, and components of the lateral force transmission pathways are eliminated in this system, the present findings provide further support for the view that the greater susceptibility to contraction-induced injury in whole muscles of MSTN Ϫ/Ϫ mice does not arise due to an inherent change within the myofibrils.
Activation of the canonical TGF-␤ pathway by other ligands might also play a role in the determination of muscle contractility, especially the Smad2 and Smad3 portion of the pathway. Treating MSTN Ϫ/Ϫ mice with a soluble form of type IIB activin receptor resulted in a further increase in muscle mass than what was brought about by the deficiency of myostatin alone (14) . In mice that overexpress c-ski, a protooncogene that inhibits the ability of Smad2 and Smad3 to promote gene expression by sequestering these transcription factors to TGF-␤ inhibitory elements (31) , fibers from the EDL muscle had an increased CSA, with no change in F o and a subsequent decrease in sF o (7). Bruusgaard and colleagues (6) hypothesized that the c-ski-mediated increase in CSA and decrease in sF o was due to accumulation of nonfunctional proteins that had not yet been degraded. For iliofibularis muscles cultured from frogs, incubation of muscles with SB-431542, a compound that inhibits the receptor-mediated activation of Smad2 and Smad3, resulted in muscle hypertrophy, along with a decrease in sF o (34) . These studies of components of the TGF-␤ signaling pathway are consistent with the findings of our present study.
The published data on the molecular mechanisms behind myostatin-mediated skeletal muscle atrophy are somewhat conflicting. While myostatin appears to inhibit protein synthesis, the ability of myostatin to regulate atrogin-1-mediated muscle atrophy is controversial. Our present work demonstrating that the absence of myostatin in muscles of MSTN Ϫ/Ϫ mice resulted in lower atrogin-1 gene and protein levels and lower levels of ubiquitinated myosin heavy chain is in agreement with McFarlane and colleagues (17) , who showed that treatment of C 2 C 12 myotubes with myostatin increased atrogin-1 transcript and protein levels and increased protein ubiquitination. In addition to studies in myotubes, our present work is in agreement with Sartori et al. (29) , who demonstrated that transfection of a constitutively active form of the type I TGF-␤ receptor into mouse tibialis anterior muscle resulted in muscle fiber atrophy and a Smad3-dependent activation of the atrogin-1 promoter. Contrary to our findings and to those of (29) , that the increase in muscle mass resulting from the inhibition myostatin occurs, at least in part, by decreasing protein degradation. Amthor et al. (2) and Gentry et al. (9) reported finding tubular aggregates in some of fibers from the hindlimb muscles of MSTN Ϫ/Ϫ mice, and the accumulation of these tubular aggregates may be associated with inhibition of the normal proteolytic systems in muscle fibers (30) . An accumulation of damaged or misfolded proteins that are not contributing to the force-generating capacity of muscle fibers due to a deficiency in the ubiquitin proteasome system is consistent with both our contractile data and molecular biology data from MSTN Ϫ/Ϫ mice. Further study is needed to understand the molecular mechanisms behind myostatin-mediated skeletal muscle atrophy.
As myostatin inhibition can result in a substantial increase in total muscle mass, there has been much interest in the development of therapeutic inhibitors of myostatin for the treatment of a wide variety of muscle-wasting diseases. While the results of the present study indicate that myostatin inhibition in healthy mice causes an increase muscle fiber size without increasing force production, this does not necessarily mean that therapeutic inhibition of myostatin cannot be beneficial in treating muscle-wasting diseases. Treatment of mdx mice, a murine model of Duchenne muscular dystrophy, with the propeptide of myostatin, increased both F o and sF o of EDL muscles (4), but, in otherwise healthy muscle tissue, myostatin knockdown did not change whole muscle F o or sF o (24) . In a human clinical trial of a myostatin inhibitor, myostatin inhibition did not result in an improvement in whole muscle strength (33) , but limited improvements in contractile properties of single fibers were observed (13) . Obtaining sufficient quantities of single fibers from human muscle biopsy in patients with myopathies is challenging, and larger scale studies are necessary to evaluate the efficacy of myostatin inhibition in the treatment of muscle-wasting diseases. For injuries or diseases that involve an upregulation of atrogin-1 or other muscle atrophy genes, myostatin inhibition may help to reduce muscle atrophy and lessen strength loss; however, the inhibition of myostatin for purely ergogenic purposes in healthy individuals is not supported.
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